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Abstract 
We propose a fast and easy way to calculate the precipitate-related carrier recombination / lifetime in n- and p-type silicon as a 
function of the minority carrier density, the doping level and the precipitate size distribution. The calculation is based on a 
parameterization of numerical simulation results modeling the thermionic emission currents (recombination currents) at the 
internal Schottky junction between metallic precipitates and the semiconductor. The carrier lifetimes calculated with the 
parameterization are in good accordance with the numerically simulated values for a wide range of material properties relevant 
for silicon photovoltaics, the calculation needing only two sets of parameters (one for each p- and n-type Si). While the numerical 
simulation of precipitate-related recombination may take several hours, the calculation time using the parameterization is 
negligible. 
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1. Introduction 
Non-radiative carrier recombination at dissolved, point-like impurities or impurity complexes like iron 
interstitials Fei or iron-boron-complexes FeB is a well-known phenomenon in silicon. The Shockley-Read-Hall 
(SRH) recombination rate RSRH quantitatively describes the electron-hole recombination via distinct, impurity-
specific defect levels inside the band gap. Besides the position of the defect energy level, the capture of charge 
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carriers is determined by the capture cross sections for electrons and holes Ve and Vh, which are assumed to be fixed 
and to depend only on the impurity species. 
By contrast, a quantitative description of recombination at precipitated impurities is less straightforward and 
hence, a fast and easy calculation of the precipitate-related lifetime has so far only been possible using a rough 
approximation first published by Hwang et al. [1]. It is generally accepted that during the early stages of 
precipitation, when several single impurity atoms accumulate and form nucleation cores, the electronic interaction 
first leads to band-like states within the silicon band gap [2]. At later stages, above a certain size, the precipitates 
develop a metal-like density of states, a Fermi level and a work function [2]. Hence, the precipitates form internal 
Schottky junctions with the silicon matrix. As a result, the precipitates are surrounded by a space charge region 
(SCR) which determines the capture of carriers. As the SCR is sensitive to all physical quantities having an influence 
on the electric field, the precipitate-related capture cross section Vprec depends on the doping concentration, the 
injection level, the precipitate radius and the Schottky barrier height. The precipitate-related recombination has been 
quantitatively described via numerical modeling by assuming the dominating effect to be thermionic emission at the 
precipitate-silicon interface [3,4]. In a previous publication, we demonstrated that this approach is able to explain the 
measured injection-dependent carrier lifetime in silicon wafer regions known to contain iron precipitates [5]. 
However, numerical simulations depend on the availability of the necessary soft- and hardware and need 
considerable time for solving the involved differential equations (e.g. several hours for the more complex numerical 
examples shown below). Hence, for a fast and easy estimation of Wprec('n) (e.g. for the interpretation of 
measurements or for parameter studies), an alternative approach is desirable. 
We therefore propose a parameterization of the numerical results which allows to quickly calculate the 
recombination rate / carrier lifetime, without the need of numerical simulations, as a function of the doping type and 
concentration, the injection level and the precipitate density and sizes. 
2. Parameterization of excess carrier-dependent precipitate-related carrier lifetime 
A detailed description of the fundamental (differential) equations and the derivation of the necessary boundary 
conditions needed for the numerical simulations can be found in refs. [3] and [4]. Our implementation in Comsol 
Multiphysics is described in ref. [5]. 
We obtained the numerical data, on which the parameterization is based, using a one-dimensional model by 
exploiting spherical symmetry. 432 numerical simulation runs were performed, varying the precipitate radius rprec 
(within the ranges 0.5 - 200 nm, the precipitate density Nprec kept constant at 1x108 cm-3), the doping concentration 
and dopant type NA/D (1x1014 - 1x1018 cm-3) and the generation rate and thus the minority carrier density 'n (roughly 
1x1010 - 1x1015 cm-3 depending on doping concentration and recombination rate). Since the Schottky barrier height 
has a relatively small influence on the recombination currents [3], it was set constant to 0.68 eV (FeSi in p-type Si 
[3]) for sake of simplicity. 
From the numerical simulation results, the precipitate-related capture cross section Vprec for each variation was 
calculated via 
   A/DA/D NrnrNvNrn ,,1=),,( precprecprecprecthprecprec '' WV   (1) 
with vth=1x107 cm/s the thermal velocity of the charge carriers. An example is shown in Figure 1 (here brought into a 
dimensionless form): At low injection, the precipitate-related capture cross section is much larger than the 
precipitates’ cross sectional area, or in other words, the SCR is very large compared to the precipitate size. It 
decreases with increasing injection level, following a curve which can be fitted by the equation 
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Figure 1: Numerically simulated capture cross sections (symbols) for two different precipitate sizes versus the minority carrier density and the 
fits using equation (2) (continuous lines). 
In this equation, the parameters Vmin and Vmax describe the minimum and maximum values of the capture cross 
section under high and low injection conditions, respectively. The parameters D and 'nref define the slope and 
relative position on the abscissa. As can be seen from Figure 1, the parameter values depend strongly on the 
precipitate radius. In addition, they are influenced by the doping concentration. Hence all four parameters are 
functions of rprec and NA/D. For these fits, functions as simple and at the same time as accurate as possible were used. 
All fit functions and parameters are listed in the Appendix. 
To summarize, one single set of parameters for each p- and n-type silicon was found which is able to replicate the 
injection-dependent precipitate-related carrier recombination / lifetime. 
3. Comparison with numerical solution 
3.1. Validation for different precipitate size densities 
The parameterization was validated by comparing the calculated values with numerical simulation results on 
more than 15 different precipitate size distributions (i.e. different assemblies of precipitates densities and sizes) 
representing extreme cases to be expected in multicrystalline silicon for photovoltaic applications: very low 
precipitate densities were simulated as well as large populations of either small or large precipitates or a 
combination of both, imitating different silicon contamination levels as well as different temperature histories of the 
silicon material. In addition, the doping type and concentration were varied. Please note that these numerical 
simulation results were not used as input for the parameterization fitting, but were specifically designed as test 
objects. The mean deviation between calculated precipitate-related carrier lifetime values using the parameterization 
and the numerical simulation results amounted to <15% in the relevant range of minority carrier density values 
(1010-1016 cm-3), with a maximum deviation in the order of 30% observed on one specific test object. The 
parameterization works best in the ranges most relevant for PV applications: doping concentrations corresponding to 
base resistivities around 1 :cm, minority carrier densities between >1011 – 1015 cm-3 and rather low to medium 
precipitate concentrations (because at higher precipitate densities, the SCRs are more likely to overlap, leading to 
interactions which cannot be reproduced by the parameterization). 
Figure 2 shows two typical examples corresponding to precipitate size distributions in the highly contaminated 
wafer edge region close to the crucible wall and the clean wafer center, both in the as-grown state of a standard 
multicrystalline block grown at Fraunhofer ISE. The distributions were taken from Fig. 3 in ref. [5], where they  
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were also compared to injection-dependent carrier lifetime measurements. In this comparison, a good 
correspondence was found in the wafer edge, indicating that a significant share of the carrier recombination in this 
region can be attributed to FeSi2-precipitates. By contrast, in the wafer center, the carrier lifetime is limited by other 
impurities or by precipitates from other metallic elements [5]. As can be seen in Figure 2, the parameterization 
allows to quickly and accurately assess both the absolute lifetime values as well as the dependence on the injection 
level even in very different precipitate configurations and carrier lifetimes, which may differ by several orders of 
magnitude.  
3.2. Example for the application: A parameter study 
Due to the insignificant computational time needed for the calculation of the precipitate-related carrier lifetime 
using the parameterization, it is possible to perform extensive parameter studies. For example, in multicrystalline 
silicon blocks, high iron concentrations >1014 – 1015 at/cm3 are found close to the crucible walls and the block 
bottom as well as towards the top, entering the silicon melt and solidified crystal from the crucible and coating. In 
these regions, the carrier lifetime is mainly limited by iron in the interstitial form. A good share of the interstitial 
iron is gettered during a phosphorus diffusion step. However, a large fraction of iron impurities – mostly precipitates 
– remains, which have to be brought into some form with the least impact on carrier lifetime. For example, it has 
been suggested to use a low temperature anneal to stimulate precipitate ripening [6]. 
We want to investigate what carrier lifetime can be achieved theoretically as a result of precipitate ripening in the 
case that no impurities are removed from the bulk at the same time. Figure 3 presents the calculated values of the 
injection-dependent lifetime for an assumed, fixed total iron concentration of 1x1014 cm-3. For simplicity, we further 
assume that all precipitates are of the same size. From the precipitate radius and the fixed total concentration, the 
precipitate density is derived. The calculations suggest that extensive precipitate ripening could increase the carrier 
lifetime above 100 μs even with this high impurity concentration. We expect the gain in carrier lifetime to be most 
significant under low injection conditions. 
 
Figure 2: Comparison of the precipitate-related carrier lifetime, simulated numerically (dashed lines) and calculated using the parameterization 
(continuous lines). The precipitate size distributions Nprec(rprec) used here correspond to expected values in grains in the wafer edge (black lines) 
and the wafer center (green lines). They were taken from Fig. 3 in ref. [5], where they were also compared to carrier lifetime measurements (Fig. 
4).  
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Figure 3: For this plot, the precipitate-related carrier lifetime as a function of injection level was calculated for a constant total iron 
concentration of 1x1014 cm-3. It was assumed that all iron atoms are precipitated and that all precipitates are of the same size. Then, the 
precipitate size, and with it also the density, were varied. It is clear that the carrier lifetime increases with increasing precipitate size. This gain is 
especially pronounced at low injection. 
4. Conclusion 
We propose a parameterization of the precipitate-related injection-dependent carrier lifetime in both p- and n-
type silicon. Beside the injection level, the capture cross section of the precipitates depends on the dopant 
concentration and the precipitate size, which is taken into account in the derivation of the parameterization from 
numerical simulation of thermionic emission at the internal Schottky contact between precipitate and silicon. 
The parameterized values were validated by comparing them with several sets of numerical simulation results, 
proving to be in good agreement even for very different assemblies of precipitates. 
While the numerical simulation takes several hours for computing the carrier recombination at one single 
precipitate array, the parameterization is well suited for applications needing fast calculation results, like solar cell 
device simulations, the interpretation of lifetime measurements or parameter studies. 
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Appendix A. List of functions and parameters 
Table 1 presents the fit functions and parameter values. The values shown in the left-most column (“dependence 
on rprec”) have to be inserted into the equation (2) 
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Table 1. Functions and parameters. 
Dependence on rprec Dependence on NA/D Parameters 
   p-type Si n-type Si 
ߪ௠௜௡ ൌ ߪ௠௜௡௠௜௡ ൅
൫ߪ௠௔௫௠௜௡ െ ߪ௠௜௡௠௜௡൯
൮ͳ ൅ ቌ
ቂ
ݎ୮୰ୣୡ
ͳൗ ቃ
ݎ௥௘௙
௠௜௡ ቍ
ఈ೘೔೙
൲
 ߪ௠௜௡௠௜௡ ൌ ܿ݋݊ݏݐǤ 
ߪ௠௜௡௠௜௡  0.3 0.3 
ߪ௠௔௫௠௜௡ ൌ ߪ௠௔௫ǡ଴௠௜௡ ൅ ߪ௠௔௫ǡଵ௠௜௡  ൬െߪ௠௔௫ǡଶ௠௜௡ ൤
஺ܰȀ஽
ͳିଷ
൨൰ 
ߪ௠௔௫ǡ଴௠௜௡  0.30037 7.60071 
ߪ௠௔௫ǡଵ௠௜௡  1.57291 -5.87464 
ߪ௠௔௫ǡଶ௠௜௡  7.14143e-17 2.10181e-18 
ݎ௥௘௙௠௜௡ ൌ ݎ௥௘௙ǡ଴௠௜௡ ൅ ݎ௥௘௙ǡଵ௠௜௡ ൤
஺ܰȀ஽
ͳିଷ
൨ 
ݎ௥௘௙ǡ଴௠௜௡  1.08186 1.17014 
ݎ௥௘௙ǡଵ௠௜௡  3.16095e-16
 -4.15359e-19 
ߙ௠௜௡ ൌ ߙ଴௠௜௡ ൅ ߙଵ௠௜௡ ൬െߙଶ௠௜௡ ൤
஺ܰȀ஽
ͳିଷ
൨൰ 
ߙ଴௠௜௡ 18.46437 2.33784 
ߙଵ௠௜௡ 66.83429 50.5363 
ߙଶ௠௜௡ 9.26418e-16
 5.85254e-17 
ߪ௠௔௫ ൌ ߪ௠௜௡௠௔௫ ൅
ሺߪ௠௔௫௠௔௫ െ ߪ௠௜௡௠௔௫ሻ
൮ͳ ൅ ቌ
ቂ
ݎ୮୰ୣୡ
ͳൗ ቃ
ݎ௥௘௙
௠௔௫ ቍ
ఈ೘ೌೣ
൲
 
ߪ௠௜௡௠௔௫ ൌ ܿ݋݊ݏݐǤ ߪ௠௜௡௠௔௫  0.38637 0 
ߪ௠௔௫௠௔௫ ൌ ߪ௠௔௫ǡ଴௠௔௫ ൅ ߪ௠௔௫ǡଵ௠௔௫ ൤
஺ܰȀ஽
ͳିଷ
൨
ఙ೘ೌೣǡమ೘ೌೣ
 
ߪ௠௔௫ǡ଴௠௔௫  -4550.06999 -29244.55861 
ߪ௠௔௫ǡଵ௠௔௫  2460.2175 26085.8040 
ߪ௠௔௫ǡଶ௠௔௫  0.01971 0.00382 
ݎ௥௘௙௠௔௫ ൌ ݎ௥௘௙ǡ଴௠௔௫ ൅ ݎ௥௘௙ǡଵ௠௔௫ ൤
஺ܰȀ஽
ͳିଷ
൨ 
ݎ௥௘௙ǡ଴௠௔௫  1.21507 1.12017 
ݎ௥௘௙ǡଵ௠௔௫  8.78373e-20 2.02414e-19 
ߙ௠௔௫ ൌ ߙ଴௠௔௫ ൤
஺ܰȀ஽
ͳିଷ
൨
ఈభ೘ೌೣ
 
ߙ଴௠௔௫ 8876920 28424 
ߙଵ௠௔௫ -0.40128 -0.27486 
ο݊௥௘௙ ൌ ͳͲ
൬௔ା௕ቂ
௥౦౨౛ౙ
ଵൗ ቃ
೎
൰ 
ܽ ൌ ܽ଴ ൅ ܽଵ ൤
஺ܰȀ஽
ͳିଷ
൨
௔మ
 
ܽ଴ 11.02711 0 
ܽଵ -0.00777 0 
ܽଶ 0.14313 0 
ܾ ൌ ܾ଴ ൤
஺ܰȀ஽
ͳିଷ
൨
௕భ
 
ܾ଴ 2.69097e-5 6.01697 
ܾଵ 0.29433 0.01298 
ܿ ൌ ܿ଴ ൤
஺ܰȀ஽
ͳିଷ
൨
௖భ
 
ܿ଴ 2.7833 2.14e-3 
ܿଵ -0.06212 0.09854 
ߙ ൌ ܣ ൅ ܤ ቀെܥ ቂ
ݎ୮୰ୣୡ
ͳൗ ቃቁ 
ܣ ൌ ܣ଴ ൤
஺ܰȀ஽
ͳିଷ
൨
஺భ
 
ܣ଴ 154.65447 41.88399 
ܣଵ -0.16677 -0.17122 
ܤ ൌ ܤ଴ ൅ ܤଵ ൬െܤଶ ൤
஺ܰȀ஽
ͳିଷ
൨൰ 
ܤ଴ 0.25835 0.03667 
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ܤଵ -0.18501 0.34538 
ܤଶ 2.86602e-17 5.55618e-19 
ܥ ൌ ܥ଴ ൅ ܥଵ ൬െܥଶ ൤
஺ܰȀ஽
ͳିଷ
൨൰ 
ܥ଴ 0.03771 0.02402 
ܥଵ -0.03102 -0.02118 
ܥଶ 4.08758e-18 7.12927e-18 
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